species, a myriad of 3,4-dihydropyrimidin-2-(1H)-ones were produced via a three-component Biginelli reaction. Further mechanistic investigation indicated that the Biginelli reaction had taken place via the imine route.
The Biginelli reaction, discovered in 1891 by Italian chemist Pietro Biginelli, is an acid-catalyzed three-component reaction of ethyl acetoacetate, aldehyde, and urea to afford 3,4-dihydropyrimidin-2-(1H)-ones (DHPMs). 1 In the past few decades, this old-fashioned MCR has experienced a remarkable revival, especially due to the pharmacological and therapeutic properties of DHPMs and their derivatives, 2 such as their antiviral, antitumor, antibacterial, and anti-inammatory activity. [3] [4] [5] [6] Owing to this considerable attention towards DHPMs, a wide range of novel protocols has been developed in the last two decades, notably featuring the usage of Lewis acids as catalysts, such as LiClO 4 found excess reagents are required for the transformation of the precatalyst CuCl 2 into the active catalytic species; Neto 17 also concluded that the iminium mechanism is the preferred pathway based on a systematic kinetic pathway investigation; Neto 18 found that the catalyst not only improves the yield but is also responsible for the selection of the preferred reaction pathway; Sherwood 19 elucidated that the combination of the catalyst and the solvent elevated the reaction productivity. All these experimental and mechanistic studies provide great inspiration in the search for a novel, efficient procedure for the Biginelli reaction.
Although the currently-used Lewis acid-based catalysts for the Biginelli reaction are milder catalysts, their acidity and catalytic ability are difficult to modulate, because most are inorganic salts. 2 and the Brønsted acid HCl, leading to successful C-C/C-N bond formation. Therefore, the solvent effect was tested initially, and it was not surprising that the yield in alcoholic MeOH and EtOH was superior to that in other solvents, which is in great accordance with our previous nd-ings. With the optimal solvent EtOH in hand, we further studied how the temperature affected the reaction efficiency. As shown in Table 1, 70 C was the best reaction temperature, at which an 85% (entry 7) yield of the nal product was generated, and either lower temperature (60 C, entry 6) or higher temperature (80 C, entry 8) produced much less product. Subsequently, we systematically examined the relationship between catalyst loading and the reaction yield, and, considering longer reaction times lead to a higher yield, the reaction times were all extended to 9 h. As is shown in Table 1 (entry 9-13), the catalyst plays a very important role in the reaction; only trace product was generated in the absence of Cp 2 TiCl 2 , and the yield increased when the catalyst loading was elevated, but with a descending rate, with the yield reaching 99% upon 15 mol% catalyst loading. Taking the catalyst loading and catalytic efficiency together into account, a 10 mol% amount was chosen as the best catalyst amount to be used. To sum up, the optimal reaction conditions were as displayed in entry 11, where the Biginelli reaction took place in EtOH at 70 C, with 10 mol% Cp 2 TiCl 2 , leading to a 93% yield of DHPM.
To demonstrate the utility of this method, two componentsthe aldehyde and the 1,3-diketone -were varied subsequently. We initially examined various substituted aromatic aldehydes (Scheme 2). The results showed that aromatic aldehydes bearing electron-donating groups (Scheme 2, 4b-4f) gave DHPMs in high yields of more than 82%. The exception is when -OMe is at the m-position with respect to the -CHO group; the yield decreased to only 67%, and we tentatively attributed such abnormity to the electron-donating behavior from the oxygen atom's lone electron pair to the -CHO group through p-p conjugation, which attenuated the reaction activity of the aldehyde. The yield of those aldehydes with electronwithdrawing substituent groups was severely related to the substitution position with respect to the -CHO group as well. For the aldehydes where the para-H was replaced by electronwithdrawing groups, DHPM yields of at least 81% could be produced (Scheme 2, 4g-4i), whereas when o,m-H was replaced, the corresponding DHPMs were obtained only in moderate yields from 67% to 78% (Scheme 2, 4j-4m). The limitations of our newly developed protocol were the alkyl aldehydes, where the yields dropped signicantly to 12% and 50% (4n, 4o, respectively).
To shed light on how inert Cp 2 TiCl 2 promotes the Biginelli reaction, it is of great importance and indispensability to gure out its conversion to its active species. As shown in Scheme 1, Cp 2 TiCl 2 is usually activated by O-donor ligands, whereas their incubation with benzaldehyde or ethyl acetoacetate leads to no changes (corresponding NMR data can be seen in the ESI †). To our surprise, when it came to the incubation of Cp 2 TiCl 2 with urea in ethanol, the characteristic orange color of Cp 2 TiCl 2 disappeared, suggesting some changes had happened. As shown in Fig. 1a, all Given that the catalytic species was found, we then focused on mapping the reaction route of the reaction. Generally, the three-component Biginelli reaction initiates from the condensation of two components, so it is important to gure out how the rst condensation happens. Theoretically, there are three possible combinations 14, 31, 32 that can be expected: (1) Cp 2 TiCl 2 , aldehyde, and urea, (2) Cp 2 TiCl 2 , ethyl acetoacetate, and urea, or (3) Cp 2 TiCl 2 , ethyl acetoacetate, and aldehyde. Therefore, three paralleled experiments were conducted to check the formation rate of imine, enamine, and Knoevenagel adducts. As shown in Scheme 3, the imine (a) and enamine (b) could be generated in 86% and 24% yield, respectively, in 1 h, whereas no Knoevenagel adduct could be detected, leading to the conclusion that the Cp 2 TiCl 2 catalyzed Biginelli reaction was initiated starting from the imine route (a) or enamine route (b).
To further elucidate if the present Cp 2 TiCl 2 promoted Biginelli reaction had taken place through these two routes, we further investigated whether the enamine route (path b) is also a minor possible pathway or just a condensation product produced during the reaction. Enamine was produced via mixing urea (1 equiv.) and ethyl acetoacetate (1 equiv.) with Cp 2 TiCl 2 (10 mol%), and the resulting enamine product was incubated with aldehyde and extra urea to see if DHPMs could be generated. Negative results suggested that enamine adduct formation is just an end product, but not an intermediate to the Biginelli products via the enamine route (Scheme 4).
From the above mechanistic analysis, two points can be proposed: (1) the true catalysis species is [(MeO) 2 -Ti(NHCONH 2 )] + , and (2) the Biginelli reaction took place through the imine route. Because previous ndings were obtained based on controlled experiments with the absence of some reactants, we carried out the full Biginelli reaction, monitored by ESI-MS at certain time intervals, and a series of Ti species were detected ( Fig. 2A) . The detection of the primary signal at 169.0089 m/z further consolidated the role of intermediate I as the catalytic species, while the ion of 334.9520 m/z corresponds to the species where the ligand replacement of urea by the imine formed intermediate II. The signal at the m/z value of 465.0136 indicated that the Ti center was coordinated by both ethyl acetoacetate and the imine adduct to form intermediate III. It is worthwhile to mention here that the existence of I is helpful for the activation of ethyl acetate upon the formation of VI -corresponding to the signal at 239.0393 m/zwith the sharp comparison that nothing happens between Cp 2 TiCl 2 and ethyl acetoacetate without the involvement of urea. To further verify the proposed structure for these intermediates, ESI-(+)-MS/MS spectrometry was also conducted. As shown in Fig. 2B, (Fig. 2C) . As shown in Fig. 2D , the fragmentation of III results in the major peak at a m/z value of 239.0410, corresponding to the loss of the imine adduct between urea and aldehyde 1.
Considering the NMR, ESI-MS, ESI-MS/MS, and parallel experiments together, a plausible catalytic cycle was proposed (Scheme 5). At the beginning, inert Cp 2 TiCl 2 is converted into Cp 2 Ti(OMe) 2 , followed by urea ligand replacement to form quadrivalent titanium I [(MeO) 2 Ti(NHCONH 2 )] + , which acts as the authentic catalytic species. Once I is generated, the free NH 2 group will further react with benzaldehyde to produce intermediate II, which can coordinate with another ethyl acetoacetate at the titanium metal center to generate intermediate III.
As is shown in the catalytic cycle, the C-C bond formation between the imine and enol parts of III to give intermediate IV is facilitated by a titanium involving six-membered ring transition state. Upon the formation of IV, an extra urea molecule coordinates with the Ti center to regenerate catalyst I and release compound V, and then intramolecular condensation between NH 2 and the ketone, and tautomerization leads to the formation of the target DHPM. Besides this imine route, another enamine route (path B) is also involved, but fails to produce the target molecule, where the amino group on catalytic species I can react with ethyl acetoacetate to form VII, which might not be active enough to react with benzaldehyde to nish the catalytic cycle to produce DHPM.
In summary, we have developed a novel N-donor ligand activation strategy for inert Cp 2 TiCl 2 , where the Lewis acidity of titanium is tuned by urea in an alcoholic solvent to form [(MeO) 2 Ti(NHCONH 2 )] + . The newly formed Ti(IV) species catalyzes the Biginelli reaction with high efficiency, generating a series of 3,4-dihydropyrimidin-2-(1H)-ones under mild conditions. Thorough mechanistic study via in situ NMR and MS indicates that the imine route contributes to the formation of the Biginelli product, and the enamine route is terminated on the way to the nal product, at the point where the enamine condensation product is produced. Further investigation and development of other N-donor ligands is underway in our laboratory.
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